Abstract. Noncovalent interactions are essential for the structural organization of biomacromolecules in cells. For this reason, the study of the biophysical, dynamic, and architectural interactions among biomacromolecules is essential. Since mass spectrometry requires compatible solutions while preserving the noncovalent bonding network, we envisioned that size exclusion chromatography coupled with ion mobility and mass spectrometry would be a valuable technique to desalt the initial sample and provide solution and gas-phase structural information in a single stage experiment. Such coupling allowed obtaining information on solution protein complex composition with SEC separation and on authenticity and purity with IMS-MS. Our study demonstrated that such coupling is compatible, useful, as well as suitable for a routine analysis, in pharmaceutical industry, for example. Mobility data were reliable and injected standards allowed calibrating the collision cross-section scale.
Introduction N oncovalent interactions are essential for the structural organization of biomacromolecules in cells and play important roles that bring into play interactions between proteins, glycans, lipids, DNA, and RNA. For this reason, the study of the biophysical, dynamic, and architectural interactions among biomacromolecules is essential [1] . In the past decades, native electrospray ionization mass spectrometry has become a valuable tool to the study of protein associations [2, 3] . This methodology allowed obtaining crucial information on protein complexes such as protein unit stoichiometry, or on their assembling [4] [5] [6] . Moreover the presence of multiple oligomeric states in solution leads to complex mass spectra where overlapping peaks can considerably complicate data interpretation. For these reasons, combination of mass spectrometry with chromatographic techniques was shown to be of great help. This is exemplified with the coupling of size exclusion chromatography (SEC) with native MS to unravel complex properties [7, 8] . More recently, implementation of ion mobility device on commercial instruments has led to a renewed interest for this technology in the field of structural biology. In particular, ion mobility is now a method of choice to describe the native conformational properties of tertiary and quaternary protein structures [9] . IM-MS has been successfully applied to examine protein dynamics [10] , protein-ligand [11] and protein-protein interactions [12] , as well as intrinsically disordered proteins [13, 14] . This technology has been successfully applied to membrane protein complexes where ion mobility provided insights into protein complex stability, packing, and topology [15, 16] .
Combining size exclusion chromatography with ion mobility coupled to mass spectrometry provides multiple advantages. First, as already described, SEC can provide an efficient method to change the buffer in which the protein is present to a buffer compatible with mass spectrometry, as well as remove nonvolatile small molecules present in the sample in an easy way. Second, since SEC provides a separation based on molecule size in solution, coupling with IMS-MS helps to differentiate solution-phase versus gas-phase effects. Here we show our preliminary efforts to couple SEC with native IMS-MS.
Material and Methods
Myoglobin (Myo =17.5 kDa), β-lactoglobulin (βLac = 18.3 kDa monomer and 36 kDa dimer), alcohol dehydrogenase (ADH = 147 kDa), glutamate dehydrogenase (GDH = 334 kDa), and pyruvate kinase (PK = 231 kDa) were purchased from Sigma-Aldrich (Saint Quentin Fallavier, France). Creatine kinase (CK = 86 kDa) was purchased from Roche Diagnostic. The full length human PrP was expressed in E. coli and purified as described previously [17] . Prion protein oligomers (O1 ≈ 36 mer ≈ 800 kDa and O3 ≈ 12 mer ≈ 250 kDa) were obtained by thermal unfolding (2 h at 65°C) in sodium citrate 20 mM pH 3.3 [18] .
SEC Separation
SEC-IMS-MS coupling was set up using a TSK 4000 SW gel filtration column (Interchim, 4.6 × 300 mm). Buffer elution was either ammonium acetate (AA) or triethylammonium acetate (TEAA) 20 mM pH 7 infused at 0.05 mL/min flow rate for standard protein complexes. Ten μL of protein standards from stock solutions were injected (oligomer concentrations were as follow: Myo = 100 μM; β lac = 330 μM; CK = 244 μM dimer; GDH = 76 μM hexamer; PK = 84 μM tetramer; ADH = 148 μM tetramer). For the PrP oligomers, increased sensitivity was required since expected oligomer concentrations were of 2.8 and 8.3 μM for O1 and O3 oligomers, respectively. Thus, SEC-IMS-MS coupling for prion oligomers was set up using a lower diameter TSK 3000 SW gel filtration column (Interchim, 1 × 300 mm). Buffer elution was TEAA 20 mM pH 3.3 infused at 0.02 mL/min flow rate. Ten μL of prion protein stock solution were injected.
Mass Spectrometry Analyses
Mass spectrometry experiments were performed on a QToF instrument (Synapt G2-Si, Waters Company, Manchester, UK) equipped with a traveling wave ion mobility guide. Acquisition of mass spectra were carried out over the m/z 500 to 14,000 mass range and analyzed in the positive ion mode. Calibration was performed using sodium trifluoroacetate. For non-denaturing experiments, instrumental and hardware parameters were optimized to reach the best average signal to noise ratio for all the protein complexes while preserving intact quaternary structures. To this goal, parameters were optimized to equally detect small and large complexes.
Results and Discussion
In SEC, standards were eluted between 17.9 and 24.7 min retention time and sometimes under a Bnegative^peak that reflects signal suppression due to competition for charges. An example of the efficiency of this coupling is given for ADH tetramer, for which the TIC and XIC chromatograms and the MS spectrum (Figure 1a) show that SEC allowed an efficient fractionation of salts and contaminants from protein complex (Figure 1a , and Supplementary Figure S1A , B, and C). In this study, we used various standard proteins to assess the efficiency of our approach (see Material and Method section).
Retention times of the complexes were found to be reproducible with an average standard deviation of 0.34 min inter-day (CV 1.68%). However, for large, Bsalty^and fragile complexes like GroEL (≈ 800 kDa), direct desalting in SEC was not sufficient. Usually, GroEL preparation requires a cold acetone precipitation, ultra-sonication, and desalting steps successively on ultra-filtration units to get a clean sample compatible with mass spectrometry requirements (data not shown). In our study, all standard proteins were correctly detected at their expected molecular weight and correct oligomeric form (Supplementary Figure S1B) . No or few complex dissociation was observed in the gas phase and only for high collisional voltages (see Figure 1a for ADH). Since parameters were optimized to equally detect small and large complexes, these last are not optimum for each individual complex. This could explain the observation of some limited gas-phase dissociation.
It is worthy to note here that the SEC-IMS-MS coupling allowed differentiating solution to gas-phase formation of monomeric species. This was observed for aged solutions of ADH (left in the freezer for several weeks) that displayed an additional peak at 20.7 min retention time that corresponds in this case to the ADH monomer, whereas the tetramer is observed with a lower retention time (18.9 min), showing that the monomer detected at 20.7 min RT truly arises from solution dissociation of the complex and not ESI or gas-phase dissociation of the tetrameric complex (Figure 1b) .
In the initial conditions, it is important to note that elution volumes (Ve) did not match hydrodynamic volumes of the complexes (see Supplementary Figure S1C for the XICs) since Ve are expected to increase when the size of the complex decrease. This discrepancy can be assigned to a competition between pure steric exclusion and interaction with the stationary phase [19] . To avoid such inconsistencies, SEC protocols for protein separation usually add salts in high concentration, such as NaCl at 150 mM. Unfortunately, these protocols are incompatible with mass spectrometry. However, the addition of 3% isopropanol to the AA solution in the mobile phase allowed us to reduce the most important Ve differences (Supplementary Figure S1D) while maintaining complex quaternary structures as measured by the mass spectrometry charge state distribution as well as ion mobility collision cross-section. Our experiments demonstrate that this slight modification restores the trends between Ve and hydrodynamic volumes of the complexes.
Finally, with the view to test our procedure on biological sample, we performed SEC separation of the prion protein oligomers. Although the 1 mm i.d. column did not permit the fractionation of O1 and O3 oligomers, we succeeded in detecting intact O3 oligomer displaying a molecular weight of 207 kDa, which shows for the first time by mass spectrometry that it is a 9 mer oligomer (Figure 1b) . In the particular case of the prion protein complexes, oligomers are fragile, and significant efforts were made to observe them. Instrumental parameters used for the standards complexes were found to be suitable to detect O3 oligomer, whereas O1 oligomer was never observed intact. In the latter case, monomers were thought to arise from gas-phase dissociation of oligomers.
An item of importance in our work is the recording of ion mobility of protein complexes that describe shape and mobility of protein complexes. An example of mobility plot, after integration over the protein elution peak, is given in Figure 1c , where one can observe the drift time traces of creatine kinase (CK) centered on the +27 charge state. Since it was shown that the drift time in TWIMS cannot be directly correlated to absolute collisional crosssections, data was processed according to the protocol for CCS (Ω) calibration in TWIMS defined by Bush et al. [20] . Using the SEC optimized conditions, it is possible to automate sequential injection of the calibrant solutions in the SEC-IMS-MS system with highly reproducible drift times having a standard deviation of 0.076 ms (CV of 0.61%) inter-day, easing the calibration of the IMS. This allowed us to plot the theoretical CCS (Å 2 ) versus experimental CCS (Å 2 ). This is illustrated in Figure 1d , which shows a close correlation between experimental and theoretical values of CCS for our set of standard proteins.
High reproducibility and easy automated calibration of the SEC-IMS-MS setup means that this experimental setup can be used to probe the Bcorrect folding^of a biological sample with respect to standard complexes injected under identical experimental conditions. 
Conclusion
In this study, the coupling of SEC with ion mobility and mass spectrometry was found to be compatible and useful for most complexes. SEC-IMS-MS coupling was demonstrated to lead to efficient characterization of protein complexes in assessing the correct quaternary structure, Bfolding,^and authenticity of the sample. Ultimately, we envision that this approach will be a valuable tool for pharmaceutical industries to routinely analyze their biological products.
